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Al–Cu–Fe alloy with a nominal composition of Al62Cu25.5Fe12.5 (at.%) has been 11 
fabricated by a combination of pressure-assisted self-propagating high-temperature 12 
synthesis and rapid solidification. The as-synthesized Al–Cu–Fe alloy mainly consists of 13 
icosahedral quasicrystalline (IQC) -Al65Cu20Fe15 and cubic -Al (Cu, Fe) solid solution 14 
phases, and exhibits finely equiaxed grains with a size ranging from 50 to 200 nm. The 15 
mechanism for the formation of the ultrafine-grained IQC phase has been explained.  16 
Keywords: Self-propagating high-temperature synthesis (SHS); Quasicrystals (QC); 17 
Al–Cu–Fe alloy; Ultrafine grained microstructure; Rapid solidification (RS).   18 
 19 
Since the discovery of an icosahedral quasicrystalline (IQC) phase in rapidly 20 
solidified Al-Mn alloys [1], quasicrystalline (QC) materials have attracted considerable 21 
attention owing to their excellent physical, chemical, mechanical and tribological 22 
properties, such as high hardness, enhanced elastic modulus, very low friction coefficient, 23 
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low surface energy, supercorrosion and wear resistance, and low electrical and thermal 24 
conductivity. Due to their thermodynamic stability, non-toxicity and low production cost, 25 
Al–Cu–Fe QC materials have great potential for practical applications in areas such as 26 
thermal barrier coatings, low-friction wear-resistant coatings, composite biomaterials and 27 
catalysts, and as reinforcement phases/fillers for composite materials [2-4].  28 
In previous studies, Al–Cu–Fe QC materials were synthesized via magnetron 29 
sputtering, physical vapor deposition, melt spinning, mechanical alloying as well as 30 
atomization techniques [4-9]. The samples prepared by the above techniques were in the 31 
forms of ribbons, thin films or powders, and were annealed in vacuum to improve the 32 
volume fraction of IQC phase. However, for potential large-scale applications of these 33 
quasiperiodic materials, high-efficiency and low-cost synthesis techniques are needed.  34 
Pressure has been used to produce nanocrystalline materials, because it can decrease 35 
the potential barrier for nucleation and increase the diffusion activation energy [10]. In 36 
addition, pressure or electric field-activated sintering facilitates the synthesis of 37 
single-phase Al–Cu–Fe IQC materials [11, 12]. The objective of the present work is to 38 
develop a new one-step production approach for the large-scale synthesis of Al–Cu–Fe 39 
IQC materials through a combination of pressure-assisted self-propagating 40 
high-temperature synthesis (SHS) and rapid solidification (RS). This method offers a 41 
particular advantage in the preparation of the IQC materials, as the rapid quenching under 42 
pressure facilitates the precipitation of nano-sized IQC phase from the deeply 43 
supercooled melt (SCM). To fabricate the Al–Cu–Fe IQC material, an aluminothermic 44 
reaction (1) has been designed to prepare superheated melt. Iron and aluminum powders are 45 
added to reduce the adiabatic combustion temperature and thus avoid vaporization of 46 
constituents. Since the Al–Cu–Fe melt is in a highly superheated liquid state after the 47 
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completion of combustion reaction, the number of heterogeneous nucleation sites is 48 
reduced. Accordingly, the RS of the deeply SCM under pressure gives rise to the formation 49 
of an ultrafine-grained microstructure.  50 
2 33 2 3 1194.4 /CuO Al Al O Cu kJ mol+ = + +      (1) 51 
Aluminum, copper oxide and iron powders were weighed according to the 52 
stoichiometry of Eq. (2) to produce Al–Cu–Fe QC material with a nominal composition 53 
of Al62Cu25.5Fe12.5. The characteristics of the reactant powders are given in Table 1. 54 
5.125.2562325.85.125.2579 FeCuAlOAlFeCuOAl +=++    (2) 55 
The powders were dry-mixed for 4 h in a planetary ball mill using a stainless steel 56 
vial and alumina balls at 180 rpm. The ball-to-powder mass ratio was 1:5. The mixed 57 
powders were then cold-pressed in a copper mold. A powder mixture consisting of Al, S 58 
and MnO2 was pressed into a pellet as an igniter. The igniter was put on top of the 59 
pressed reactant powders. The copper mold with the reactants was placed in a SHS 60 
reactor. The reactor was purged with argon gas at room temperature, and was then heated 61 
after the introduction of 8 MPa argon gas. The reaction of the igniter was started as the 62 
reactor reached about 260 °C. The released heat induced the reaction shown in Eq. (2) 63 
and the synthesis reaction was subsequently finished in a few seconds. The resulting 64 
Al–Cu–Fe sample was about 6 mm in thickness and 60 mm in diameter. The black 65 
alumina was on the top of the target product, and separated naturally from the desired 66 
Al–Cu–Fe sample. 67 
Phase identification was carried out by X-ray diffraction (XRD), using a Philips, 68 
X'Pert-MRD diffractometer with Cu K radiation. Differential thermal analysis (DTA) 69 
was conducted under a flowing purified argon atmosphere using a Diamond calorimeter 70 
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(Perkin Elmer) at a heating rate of 20 °C min–1 to determine the temperature of the phase 71 
transformation. The XRD measurement and thermal analysis of the as-fabricated 72 
Al–Cu–Fe alloy were performed using powder samples prepared from the brittle bulk by 73 
crushing in a mortar. The microstructural features of the as-fabricated Al–Cu–Fe samples 74 
were examined by transmission electron microscopy (TEM) using a Hitachi 600 75 
microscope operating at 100 kV. The foils for TEM observations were prepared by 76 
dispersing crushed sample fragments on microgrids covered with a porous carbon film 77 
[13].  78 
Figure 1 presents a continuous DTA trace for the as-fabricated Al–Cu–Fe powder at 79 
a heating rate of 20 °C  min–1 after calibration. Three endothermic peaks are observed at 80 
temperatures of 648, 882 and 979 °C, which are consistent to the melting temperatures of 81 
the -Al10Cu10Fe1, -IQC-Al65Cu20Fe15 and cubic -Al (Cu, Fe) solid solution phase, 82 
respectively [14]. The crystallographic data of these phases are listed in Table 2 [15, 16]. 83 
The enthalpy of the first minimum peak is smaller than those of the other two peaks, 84 
which indicates that the concentration of the  phase is much lower.  85 
Figure 2 shows the XRD pattern of the as-fabricated Al–Cu–Fe alloy. The peaks 86 
corresponding to the IQC and  phases were indexed using Cahn (N, M) indices [17] and 87 
Miller indices, respectively. Some much smaller peaks are also observed and they may be 88 
from the  phase evidenced by the thermal analysis. The  phase was not indexed as its 89 
JCPDS card is not available. Using an peak-fitting program (Jade 5.0), the volume 90 
fractions of the IQC and crystalline phases have been calculated by the ratio of sum of 91 
integrated areas of all Bragg diffraction peaks for the corresponding phases [18,19]. The 92 
resultant volume fractions of the IQC,  and  phases were calculated to be about 68, 30 93 
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and 2%, respectively. The six-dimensional (6-D) quasilattice parameter of the IQC phase 94 
was calculated by a Cohen–Wangner extrapolation procedure[20]: 95 
      )2(26 τ
τ
+
+
=
MNda d      ?3? 96 
where (N, M) are the Cahn indices of diffraction peaks, d is the interplanar spacing, and  97 
is the golden ratio ( = 1.618). The calculated 6-D lattice parameter was about 0.6321 nm, 98 
which is in good agreement with the value of the lattice parameter for the Al–Cu–Fe 99 
face-centered icosahedral coating [6].  100 
Figure 3 shows typical TEM images and corresponding selected-area electron 101 
diffraction (SAED) pattern taken from the thin region of the foils of the Al–Cu–Fe alloy. 102 
Finely equiaxed grains with a size ranging from 50 to 200 nm can be observed (Fig. 3a 103 
and b). The grain size of the as-fabricated sample is smaller than that of the Al65Cu20Fe15 104 
coating prepared by electron beam physical vapor deposition (200-400 nm) [21]. From 105 
the SAED pattern, the ratios of the radii of the third to the first ring and of the forth to the 106 
second ring were found to be equivalent to the golden mean (1.618); this confirmed that 107 
these rings belong to the IQC phase [19] (the a, b, c, d, e rings correspond to the (16, 24), 108 
(20, 32), (40, 64), (52 ,84), (80, 128) planes of the IQC phase).  109 
The adiabatic combustion temperature of the aluminothermic reaction was 110 
calculated to be about 4878 °C [22]. After the addition of aluminum and iron powders, it 111 
decreases to about 2930 °C. The Al–Cu–Fe alloy and alumina are in a highly superheated 112 
liquid state at this temperature. The liquid alumina might be immiscible with the 113 
Al–Cu–Fe melt and so be present in the form of molten drops which might become 114 
dispersed in the melt. The drops apparently tend to coalesce into bigger drops by collision, 115 
thereby lowering the interfacial energy. The high volume fraction of the drops contributes 116 
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to the high probability of collision, and the low viscosity of the melt facilitates the 117 
diffusion of the drops [23]. Both factors enhance the coalescence velocity, and the drops 118 
may coalesce into even bigger drops which could be left on top of the melt. As a 119 
consequence, the alumina is separated from the melt, and the molten Al–Cu–Fe alloy is 120 
deposited on the substrate surface. 121 
Icosahedral short-range order is common in SCMs and has a profound effect on the 122 
phase selection during the solidification of SCMs. The structural similarity between the 123 
melt and the IQC phase gives a dramatically lower solid–liquid interfacial energy. The 124 
dimensionless solid–liquid interfacial energies of IQC,  and  phases are 0.3, 0.63 and 125 
0.86, respectively [24, 25]. Obviously, the interfacial energy of IQC phase is the lowest. 126 
According to the classical nucleation theory, the lower the interfacial energy, the lower 127 
nucleation work is; in other words, the nucleation of the IQC phase is preferable. 128 
Therefore, the IQC phase precipitates primarily from the rapidly quenched Al–Cu–Fe 129 
melt. Due to the release of latent heat of solidification, the cooling rate gradually 130 
decreases; while it is smaller than the critical cooling rate, the  phase forms from the 131 
SCM accompanied by the IQC phase. It has been reported that the IQC phase crystallizes 132 
by a precipitation mechanism at higher cooling rates [26]. Molecular dynamics 133 
simulation has also corroborated that the IQC phase spontaneously nucleates from the 134 
deeply SCM, and a QC nucleus grows by assimilating icosahedral clusters whose 135 
formation is favored in a supercooled liquid [27, 28]. The  phase may be formed by a 136 
solid-state decomposition reaction that converts the supersaturated  solid solution phase 137 
into the ordered B2 and the  phases [14]. Because the precipitation of the  phase is 138 
controlled by diffusion, in which the diffusion of atoms becomes sluggish in the solid 139 
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state, the content of the  phase is much lower.  140 
The majority of low-boiling-point contaminants introduced from the igniter and 141 
reactants may be vaporized owing to the high adiabatic combustion temperature. The 142 
by-product, alumina, which was used to act as nucleation sites for the IQC and  phases, 143 
might be lifted to the top of the melt by the superheating treatment. The numbers of 144 
heterogeneous nucleation sites could be reduced; as a result, the temperature of the onset 145 
crystallization may shift to even lower temperatures and the thermodynamic undercooling 146 
could be greatly increased. In addition, kinetic undercooling increases due to the rapid 147 
quenching rate [29]. Since the nucleation rate increases dramatically with increased 148 
undercooling, and the radii of critical nuclei are inversely proportional to the 149 
undercooling, the enhanced nucleation rate and decreased radii of critical nuclei refine the 150 
solidified microstructure. Furthermore, the growth rate of the IQC phase is far smaller 151 
than that of the crystalline phase [25], and the time of nuclei growth is shorter because of 152 
the high cooling rate resulting from the copper substrate quenching [30-32]. These factors 153 
also contribute to the formation of refined IQC grains.  154 
The applied pressure plays a crucial role in the nucleation and growth of the IQC 155 
phase. As the potential barrier for nucleation decreases with an increase in chamber 156 
pressure [10, 33], when the deeply SCM crystallizes under pressure, the thermodynamic 157 
potential barriers for the IQC and  phases nucleation could be lowered, and the 158 
nucleation rates could be enhanced. On the other hand, the pressure can suppress the 159 
growth of the nuclei in the SCM, since applied pressure can increase the diffusion 160 
activation energy of the SCM, and long-range atomic diffusion in the SCM can be 161 
inhibited by the lower atomic mobility [10]. This makes the growth of the nuclei of the 162 
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IQC and  phases more difficult. A number of studies have confirmed that applied 163 
pressure during the solidification process, of the order of either GPa or Pa, suppresses the 164 
diffusivity of atoms in deeply SCMs [10, 34, 35], hence resulting in the formation of 165 
ultrafine-grained microstructures. Moreover, rapid quenching under pressure can also 166 
facilitate the formation of the IQC phase, because the external pressure may influence the 167 
sequence of solid-state interdiffusion reactions. For example, a single-phase bulk 168 
Al–Cu–Fe QC material has been prepared by a field-activated sintering technique under 169 
an applied pressure of 55 MPa [36]. In summary, the formation of ultrafine grains might 170 
be attributed to the copious nucleation and slow growth rate induced by pressure-assisted 171 
rapid quenching. 172 
The Al62Cu25.5Fe12.5 alloy with grain sizes in the range of 50-200 nm has been 173 
obtained using a combination of pressure-assisted SHS and RS. The as-fabricated 174 
Al–Cu–Fe alloy mainly consists of the IQC and  phases. By rapid quenching under 175 
pressure, the deeply SCM undergoes a non-equilibrium solidification process which leads 176 
to the formation of an ultrafine-grained microstructure. In addition, the pressure-assisted 177 
rapid quenching enhances  the QC-forming ability of the Al–Cu–Fe alloy, and thus the 178 
content of the IQC phase is enhanced. The present result also demonstrates that the 179 
combination of pressure-assisted SHS and RS is a promising industrial synthesis 180 
approach for fabricating Al–Cu–Fe IQC materials. 181 
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Fig. 1 A continuous DTA trace of the as-fabricated Al–Cu–Fe alloy.  241 
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Fig. 2 The typical XRD pattern of the as-fabricated Al–Cu–Fe alloys. 243 
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Fig. 3 The typical TEM images (a, b) of the Al–Cu–Fe alloy. The inset is the 254 
corresponding selected area electron diffraction pattern. 255 
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Table 1. Chemical and physical properties of the raw material powders. 256 
Powder Size (mesh) Purity ( wt% ) Impurity 
Al 
CuO 
Fe 
100-200 
100-200 
200 
>99.0 
>99.0 
>98.0 
Fe, Si, Cu, H2O 
Fe, Cu2O 
Cu, N, S, H2O 
 257 
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Table 2 Crystallographic characteristics of the IQC,  and  phases. 258 
Phase Lattice Lattice parameters(Å) 
IQC-Al65Cu20Fe15 
-Al10Cu10Fe 
-Al(Cu, Fe) 
Icosahedral 
Hexagonal 
B2(CsCl)  
a6D = 6.3176 
a = 4.106, c = 5.095 
a = 2.910 
 259 
